Abstract: The quantum radar cross section (QRCS) describes how much return one gets when illuminating an object with a handful of photons. However, the previous studies mainly focused on the monostatic scattering of quantum radar. In this study, in response to the four key questions raised by ourselves in bistatic quantum radar cross section (BIQRCS), we calculate and analyze the BIQRCS for the typical tow-dimensional plate. First, as mentioned by Brandsema, the further derived analytical solution for the rectangular plate is obtained. In addition, the influence of incident frequency and the number of photons on the BIQRCS for the plate were obtained. Besides, we first reveal that the envelope curves of sidelobes in BIQRCS at the given incidence display the invariance in frequency. Finally, we show some comparison results among the BIQRCS, classical radar cross section (CRCS), and monostatic QRCS for the plate and find the advantage of sidelobe of the BIQRCS in given direction. We anticipate that these research results will find use in the detection and discrimination of stealthy platforms.
The Calculation and Analysis of the Bistatic Quantum Radar Cross Section for the Typical 2-D Plate
Introduction
In recent years, quantum technology may prove especially useful in many scenarios too troublesome for conventional or classical systems [1] - [11] . In the field of detection and discrimination, any object reflects the signal to the detector, but the targets of low reflectivity immersed in regions with high background noise are hard to sense using classical systems. By contrast, quantum radars exploit quantum entanglement to enhance their sensitivity to detect and discriminate weak signals from very noisy surroundings. Further speaking, it seems that the quantum radar has another promising feature of enhanced side lobe target visibility in term of monostatic QRCS in comparison to the CRCS [12] , [13] . According to the discoverer of this novel phenomenon [13] , it could be regarded as a sort of quantum interference effect between the incident photon and the surface atoms of the target. Afterwards, the development of related algorithm and theory help promote the progress in the field of quantum radar target scattering [14] - [27] . Among them, after ignoring diffraction and absorption effects, M. Lanzagorta took the lead in calculating and analyzing the QRCS properties under the influence of different sizes, incident frequencies and photons for the typical rectangular plate [13] .Then, the basic bistatic equations for 2D targets have already been derived by MJ Brandsema [14] . Meanwhile, he has also proposed a new framework form of the QRCS expression in terms of Fourier transforms for the typical two-dimensional (2D) targets. However, the most of previous studies were aimed at the monostatic scattering of quantum radar, a little information has focused on the calculation and analysis of bistatic scattering of that. Also, it's probably not very clear on the following questions. 1) Can we derive further the analytical solutions of bistatic scattering of quantum radar for the simple geometries followed the derivation of M. J. Brandsema, such as the rectangular plate? 2) What's the response of bistatic scattering under the influence of different frequencies, incident angles and photons? 3) What's the difference among the BIQRCS, CRCS and monostatic QRCS? 4) Whether there exists the similar sidelobe phenomenon in the bistatic scattering of quantum radar? Although we believe that quantum radar can offer the prospect of detecting, identifying, and resolving radio frequency stealth platforms and weapons systems [13] , there is short of taking full advantage of quantum radar without the answer to those issues.
This research aims to give the primary answers through a series of calculation and analysis on BIQRCS for the typical two-dimensional target, a rectangular plate. At first, followed the derivation of M. J. Brandsema, the analytical formula obtained in term of Fourier transforms is given for the rectangular plate. Moreover, the corresponding analytical results have a good agreement with the simulation data. In addition, the analysis of the BIQRCS responses as affected by different parameters is obtained. In the meanwhile, the analytical formula helps us understand that the envelope curves of sidelobes in BIQRCS at the given incidence display the invariance in frequency. Finally, we will also discuss the comparison of scattering properties among the BIQRCS, CRCS and monostatic QRCS.
Algorithm and Analytical Solution

Algorithm
The concept and expression of the quantum radar cross section (QRCS) have been introduced by [12] , [13] .
(1) whereÎ i andÎ s are the incident and scattered energy density of photons, respectively. r s , r d are the positions of the transmitter and the receiver, and R is the range from the quantum radar to the target.
In general, after ignoring diffraction and absorption effects, the simplified expression of QRCS for the case of the multiple-photon in the quantum radar pulse is given [14] .
where A ⊥ (θ i , i ) is the orthogonal projected area of the target in each incidence, N is the total number of illuminated atoms on the object's surface, k i and k s are the incident and scattered wave vectors of the photon, x n is the position of the nth illuminated atom on the object's surface, θ i and i are the incident angles of the photon impinging on the target and θ s and s are the scattered angles, M is the number of incident photons in each pulse. As for the 2D plate, A ⊥ (θ i , i ) = A ⊥max |cos θ i |, where A ⊥max is the cross sectional area of the plate at normal incidence. The absolute value ensures that the projected area is always positive [14] .
Analytical Solution
This section presents the primary derivative process of the analytical solution of the rectangular plate and comparison with the simulation data. In the most common case that the object is not polarized, the surface atom density function V ( x n ) becomes 1 on the surface of targets. Therefore, we can derive the analytical solution based on the following expression [14] :
where (V ( x n )) represents the Fourier transform of V ( x n ), and M represents the number of incident photons per pulse, x n is the position of the nth illuminated atom on the object's surface. Further, we utilize this expression to achieve the closed-form solution for the simple geometry, such as the rectangular plate. For a 2D rectangular plate, of width a and height b, (V ( x n )) becomes the following [14] V (
We have the following for the wave vector terms.
The basic bistatic equation has been shown to be [14] . Here, we'd like to examine the case of bistatic scattering further. For this scenario, the incident ray and the reflected ray are found in the same plane as usual. Meanwhile, since we defined the plate to be in the XOY plane, this means that to observe it at the principal angles, we can define i = s = 0
• so that it should be a very typical case which is shown in Fig. 1 . From these definitions, we have the following
Accordingly, expression (4) further becomes
Moreover, for the 2D plate, this can be modeled satisfactorily by the following expression [14] : Thus, the denominator term in (3) becomes 
We can set it to be approximately equal to 1 at high frequencies which means the target dimensions more than several wavelengths [14] . So, we can rewrite (3) as the following
It is worth mentioning that referenced on what we have done, the similar BIQRCS expressions for other simple 2D geometries, such as the triangular and circle plates, could be derived. It might be the first closed-form solution of BIQRCS for the 2D plate. Besides, this solution can be used for a reference for comparison in the simulation and analysis.
For completeness, we now compare the simulation of the rectangular plate to the plot of (2) developed earlier. In addition, the number of scatterers used in the simulation has been enough to obtain an accurate large scattering angle response. As shown in Figs. 2-4 , the theoretical curves match extremely well with the simulation plots.
Results
It is generally assumed that the scattering pattern for QRCS is a purely quantum mechanical effect due to quantum interference [13] . Next, let's show the variation behavior of the effect in the different cases. Like the simulation before them, the diffraction and absorption effects have been ignored. In this section, let us start with the simple case and change one variable at a time to observe how it affects the measured responses.
Different Electrical Sizes (Incident Frequencies)
In this section, we look at the simulated responses of a rectangular plate ( pulse respectively. In other words, the side of the plate should be 4, 8, 16 wavelengths respectively. From the Figs. 5-7, we can see that with the increase of frequency, both the peak of main lobes and the number of nodes in the interference pattern go up accordingly. Moreover, as the incident photon is away from the normal of the plate, the corresponding scattering main lobes shift from the normal to the mirror symmetry directions. From these plots, however, it is also evident that the envelope curves of sidelobes are almost identical in each case of the same incidence with different frequencies. Meanwhile, It's still effective in what our calculation ability can afford, such as the case at 9.6 GHz. Let's check the expression (12) and we can get more detail. To simplify the analysis, we can ignore the constant term and let the principal part of the expression, principal part = |cos θ i |sin 2 (ka * (sin θ s −sin θ i )/2)
, is divided into two parts, part1 = |cos θ i | (sin θ s −sin θ i ) 2 and p ar t2 = sin 2 (ka * (sin θ s − sin θ i )/2). From the function curves of them in the Fig. 8 (θ 
, for example, we should clearly notice that the curve of part1 almost gives the envelope curve of the principal part of the expression while the curve of part2 mainly displays cyclic variations over the pitch angles. As a result, due to the absence of k in the part1, the envelope curves of sidelobes in BIQRCS at the given incidence display the invariance in frequency.
Different Numbers of Incident Photons
Figs. 9-11 show the plots of BIQRCS with the incidences of one, two, and three photons in each pulse at different incident angles (for a rectangular target made of 1 m * 1 m), respectively. It can be observed that as the number of photons increases, so does the peaks of the maximum value of BIQRCS at each mirror symmetry directions while the width of the main lobe become more narrow. Moreover, the sidelobe structure decreases markedly and the peak of the lateral lobes appears to decrease exponentially faster with the number of photons. Therefore, it may be well worth considering if it is possible to detect stealthy targets using the main lobe of bistatic quantum radars operating at each mirror symmetry directions in the small photon number regime. 
Comparison With CRCS
In this section, we will use the physical optics (PO) by the electromagnetic computing tool (FEKO) to calculate the bistatic CRCS data. Within the limits of pitch angle (0-45°), this BIQRCS sidelobe advantage can be clearly observed by comparing the two kinds of plots in Figs. 12-20. Besides, it tends to be remarkable with the increasing of incident frequency. With the deviation of incidence from the normal of the plate, the advantage of sidelobe structure tends to increase in a whole. In fact, due to the specular reflection, the scattering energy usually mainly distributes in the direction of mirror symmetry, so does the nearby angle domains on the side of main lobes. Relatively speaking, the main lobes are almost the same values, respectively. Therefore, other than the directions of main lobes, it seems that it may be useful to detect the stealthy targets in the larger receiving pitch angle domain.
Comparison With MonoQRCS
As for the special case of monostatic QRCS, we expect that the BIQRCS expression (12) will become the expression of monostatic QRCS, namely MonoQRCS, in [14] . At this time, due to the 
So, we can safely obtain the expression of monostatic QRCS derived by M. J. Brandsema [14] from our formula. Further, in order to investigate the difference between the BIQRCS and MonoQRCS, we have selected the cases of normal incidence (θ i = 0
• ) which is relatively representative to analysis the difference.
Besides, from expressions (12) and of MonoQRCS, we note that the BIQRCS expression contains a |sin θ s /2|| term, while the MonoQRCS expression contains a |sin θ s | term. This can be observed by comparing curves of the two curves in Fig. 21 .
A natural question arises as to what causes the BIQRCS to be proportional to |sin θ s /2| and the MonoQRCS to be proportional to |sin θ s |. In fact, it is obvious to see that both two items emerge from the items of Kx in expression (5).
Conclusion
Bistatic quantum radar is a potentially powerful technique for performing detection and discrimination, in which the scattering properties may offer more selections. In this study, a closed-form solution of BIQRCS has been derived from Fourier transforms of QRCS expression for the rectangular plate. In addition, the solution has been verified by the simulation data. Besides, our results indicate that with the increase of frequency, both the peak of main lobes and the number of nodes in the BIQRCS pattern go up accordingly. Meanwhile, we first reveal that the envelope curves of sidelobes in BIQRCS at the given incidence display the invariance in frequency. Further, it may be well worth considering the results may be useful to detect the stealthy targets with bistatic quantum radars using the sidelobe in the larger receiving pitch angle domain with single-photon illumination. Alternatively, one can use the main lobe at each mirror symmetry directions in the small photon number regime. Eventually, we have obtained the comparison results among BIQRCS, CRCS and monostatic QRCS for the plate. Meanwhile, it is worth mentioning that we have used the assumptions of ignoring diffraction and absorption effects. To confirm the results of these calculation and analysis results more completely, an ingenious verifying test based on the faint laser system, such as a single photon source, is suggested for further studies.
